cranial MRI have included mostly participants of European heritage with few minorities represented, especially American Indians. The Strong Heart Study (SHS) is a longitudinal cohort study of elderly American Indians; surviving participants were invited to undergo cranial MRI imaging as part of an ancillary study, the Cerebrovascular Disease and its Consequences in American Indians (CDCAI) study, also known as the "Strong Heart Stroke Study." This report details the methods used in imaging these participants and presents baseline findings of vascular brain injury and atrophy.
Methods

Participants and Procedures
As detailed elsewhere, CDCAI is an ancillary study [7] of surviving participants of the parent SHS [8] , an ongoing longitudinal cohort study of 4,549 American Indians 45-79 years of age recruited between 1989 and 1991, from 13 communities in the US Northwest Plains, Southern Plains, and Southwest. At CDCAI study baseline (2010) (2011) (2012) (2013) , participants (a) answered standard questionnaires, (b) underwent extensive interview, clinical, physical, and neurocognitive examinations, (c) provided biological samples for assay, and (d) and submitted to cranial MRI. Institutional and Tribal Review Boards approved all study procedures, and all participants provided written, informed consent.
Briefly, participants were contacted to establish interest and eligibility; 1956 were located, of whom 261 were incapacitated or had passed away. Of the remaining 1,695 participants, 1,403 (82.8%) were successfully contacted; of these, 201 were found ineligible, and 169 refused participation. Thus 1,033 participants were successfully recruited, of whom 22 (2.1%) were unable to complete MRI. Of the 1,011 who were scanned, 13 (1.3%) were excluded due to participant motion ( n = 9) or technical errors ( n = 4). After data collection was complete, one community chose to withdraw, and so 209 were later removed from analyses. Ultimately, this study encompasses 789 usable, available MRI scans in elderly American Indians from 10 communities across 3 major geographic regions of the United States [7] .
MRI Procedures
Field staff screened participants for eligibility and again at the time of the scan, assessing for exclusions, including prior surgery for cerebral aneurysm; cardiac pacemaker, defibrillator, or artificial heart; cochlear implant, spinal cord stimulator, or other internal electrical devices; employment as a metal worker because of retained metal fragments, especially near the eyes; and weight of 350 pounds or more. Imaging protocols were compatible with the level of technology available at the community hospitals where the scans were performed, based on time constraints imposed by scanner use, and the limited endurance of elderly participants. Local radiologists read the scans and contacted the local medical staff who referred patients to medical care in the event of clinically relevant incidental findings. Quality control included testing and demonstration at each site of the expected image quality and adherence to the multi-site protocols.
A Siemens 1.5T Symphony scanner (Siemens Medical Solutions, Malvern, PA, USA) was used in the Northern Plains, and General Electric 1.5T Signa scanners (General Electric Healthcare, Little Chalfont Buckinghamshire, UK) were used in the Southern Plains and the Southwest. To produce similar image quality across the 3 sites and 2 scanner models, and to allow comparability with existing cohorts, pulse sequences were similar to those used by the Atherosclerosis Risk in Communities (ARIC) study and the Cardiovascular Health Study (CHS) [9] [10] [11] [12] . Six sequences were obtained in contiguous slices: (1) sagittal T1-weighted localizer, (2) co-registered 5 mm axial-T1, (3) 5 mm axial-T2, and (4) 5 mm axial-T2 * susceptibility-weighted images in the anterior commissure/posterior commissure plane, (5) 3 mm axial fluid-attenuated inversion recovery (FLAIR) images, and (6) 1.5 mm sagittal T1-weighted volumetric gradient echo images. Additional details regarding repetition time, echo time, inversion time, slice thickness, slice spacing, acquisition matrix, number excitations, echo train, flip angle, and field of view are included in online supplemental materials (for all online suppl. material, see www.karger.com/doi/10.1159/000459624).
Image-Reading Procedures
Study neuroradiologists were trained in the study protocols and read all scans, blinded to participants' age, gender, and clinical information. A primary reader scored all aspects of the scan, and a secondary reader also assessed the presence of brain infarcts and hemorrhages. Both neuroradiologists reviewed any scans with discrepant readings until a consensus was reached.
Brain infarcts were defined as lesions 3 mm or larger in maximum dimension, anywhere in the brain, with characteristic shape and absence of mass effect. Infarcts were required to have hyperintensity to gray matter on both T2-weighted images and FLAIR images to contrast with perivascular spaces, which have characteristic location and shape and demonstrate cerebrospinal fluid (CSF) intensity on all sequences but need hypointensity on T1-weighted images to distinguish them from focal white matter hyperintensities (WMH) [13, 14] . Lacunar infarcts were characterized as infarct lesions 3 mm to 2 cm in maximum dimension, located in the caudate, lenticular nucleus, internal capsule, thalamus, brainstem, cerebellar white matter, centrum semiovale, or corona radiate.
Brain hemorrhages were defined based on clinical criteria as lesions anywhere in the brain, of any size, with hypointensity on gradient echo images, which are sensitive to even a small amount of old blood in the brain tissue [15] . Neuroradiologists characterized the number, size, type, and location of both infarcts and hemorrhages [9, 10] .
Neuroradiologists also graded the severity of WMH, sulcal widening, and ventricle enlargement using a semi-quantitative 10-point scale based on previously validated image standards for FLAIR images for WMH and T1-weighted images for sulci and ventricles [11, 16, 17] . Image readers matched each participant's scan image to the 8 standard template images used by ARIC and CHS [18] cohorts, and determined a best visual fit for severity. Grades ranged from 0 (normal) to 9 (most abnormal). 41 tions or processing failures. Such problems were corrected manually. Despite these adjustments, automated image processing for some participants failed due to low image quality or motion artifact causing errors in the automated algorithms: WMH volume ( n = 116); hippocampus volume ( n = 101); brain volume ( n = 195); and IC volume ( n = 98).
Image Volumetric Estimation
The volume of WMH was calculated by segmenting 3 mm FLAIR images (sequence 5) using the Fuzzy Lesion Extractor (FLEX) technique [20] . In general, FLEX uses a dynamic threshold, identifying candidate WMH voxels that are brighter than the gray matter, followed by false positive detection. After noise reduction filtering and removal of hyperintense voxels, a 2-class unsupervised fuzzy C-means clustering algorithm was applied to separate remaining voxels into either brain tissue or background-CSF. Using this method, WMH voxels are outliers in both of these clusters. After masking out these hyperintense voxels based on the membership grade from fuzzy C-means clustering, the final segmentation threshold was determined on a slice-by-slice basis. This was done by creating histograms of the voxel intensities in the masked and unmasked FLAIR images, and setting the threshold at the intensity of the first bin that contained an unequal numbers of voxels. To detect false positives, the brain was masked with the thresholded white matter template (white matter probability = 0.41), and hyperintensities that were not connected in 3D to the thresholded template were removed.
A custom white matter template was developed from the study sample using 50 randomly selected high-resolution T1-weighted images (sequence 6). First, the T1 image was transformed to Montreal Neurological Institute (MNI) 152 template saving the transform matrix. Second, the T1-weighted image was skull stripped using the functional MRI software library brain extraction tool [20, 21] . FSL fast segmentation on the skull-stripped image transformed the white matter probabilistic mask to standard space [22] . Finally, the masks were summed and averaged to create a probabilistic template.
Hippocampal volume was measured using automated segmentation from the 3D T1-weighted images (sequence 6) with FIRST in FSL 5.0 [23] and the ENIGMA1 protocol [24] . First, a training set of manually segmented images included with the software were parameterized as surface meshes and then modeled as a point distribution. FIRST searches through linear combination of shape modes of variation for the most probable shape instance, given the observed intensities in a T1-weighted image. To accommodate partial-volume scans, the range of registration parameters was limited to -5 to +20 degrees. Images were checked at key intermediate points, such as after registrations and skull stripping, and adjustments were made at those points.
IC volume was estimated using the ENIGMA1 protocol for FSL, as follows [23] . An estimate was obtained by linear alignment of each individual brain to the MNI152 template [25] . The inverse of the determinant of the affine transformation matrix, multiplied by the template size (1,827 mL), provided an estimate of IC volume considered equivalent to manual correction [26] . All registrations were visually inspected and corrected where necessary to obtain an accurate affine transformation. Total brain volume was estimated after skull stripping using cortical reconstruction implemented in version 5.3 of the FreeSurfer image analysis suite [21, [27] [28] [29] . A complete summary of this pipeline is provided online [30] . Briefly, this processing includes motion correction [31] , removal of non-brain tissue using a hybrid watershed-surface deformation procedure [32] , automated Talairach transformation, segmentation of the subcortical white matter and deep gray matter volumetric structures [29, 33] , intensity normalization [34] tessellation of the gray matter-white matter boundary, automated topology correction [35, 36] , and surface deformation following intensity gradients to place optimally the gray matter-white matter and gray matter-CSF borders at the location where the greatest shift in intensity defines the transition to the other tissue class [27, 28, 37] . Therefore, brain volume measurement includes cerebellum but not ventricles, CSF, and dura.
Other Measures
Age was defined continuously and by category: <70, 70 to <75, 75 to <80, and ≥ 80 years. Gender was self-reported as male or female. Marital status was categorized as single (not married), current (married, partnered), or past (divorced, separated, widowed). Education and income were categorized as asked in the questionnaire: <6th grade, 7-8th grade, 9-11th grade, graduated high school, some college, bachelor's, some grad school, master's, doctorate; <$5,000/year, $5,000-10,000/year, $10,000-15,000/year, $15,000-20,000/year, $20,000-25,000/year, $25,000-35,000/year, $35,000-50,000/year, >$50,000/year, respectively. Native language speaking capacity represented bi-lingual language skills, and was assessed according to self-reported categories, including not at all, a little, moderately well, and very well.
Statistical Procedures
Participant sociodemographic characteristics were summarized as median (interquartile range, IQR) or number (percent, %). To help interpret results as normal or abnormal, grades for white matter, sulci, and ventricles were dichotomized at grade 2 versus grade 3 or higher [18, 38, 39] and counts of brain infracts and hemorrhages were dichotomized as absent or present. These measures were summarized as n (%). WMH volume, hippocampus volume, and total brain volume were expressed as percentage of estimated IC volume and summarized as median (IQR). All measures were stratified by male or female gender categories; Fisher's exact tests were used to test for statistical differences among strata. Scatter and local polynomial smooth plots with 95% CIs were used to evaluate associations between MRI findings and continuous age (in years) at MRI examination; the smoothing kernel function for the smoothing plots used the Epanechnikov method [40] . All statistical analyses were done using Stata version 13 (College Station, TX, USA).
Results
CDCAI participants with MRI scans ( n = 789) had a median age of 72 years at the time of the MRI (range 64-95) and were predominantly female ( Table 1 ) . A majority were widowed, separated, or divorced, with 5% never having been married. A majority of participants had at least some college education, but a similar proportion had family income less than $15,000 per year. Bilingual status was split (speaking English was a study requirement), with roughly one-quarter speaking native language very well, and onethird speaking it not at all. Men and women were compa-rable in most characteristics, although men were more likely to be currently married, have somewhat higher household income, and have a self-reported history of heart attack.
Some participants underwent MRI scans, but these scans were not interpretable. Comparing participants with ( n = 789), without interpretable ( n = 13), and without any ( n = 22) MRI scans (online suppl. Table 1 ), most sociodemographic characteristics were substantively similar, with a few exceptions. More participants with unusable images or who were ineligible were in the lower income and education categories or had prior self-report- ed stroke. Participants with a failed scan were more likely to have reported prior heart attack, hypertension, diabetes, and kidney disease but less dyslipidemia.
Incidental findings were detected in a few participants, including hemorrhage ( n = 12), neoplasm ( n = 10), congenital disorder ( n = 1), hydrocephalus ( n = 3), other ( n = 19), and vascular ( n = 50). Hemorrhages were nearly all microhemorrhages but also included 1-2 of each of the following: amyloid angiopathy, cavernous malformations, and holohemispheric subdural hematoma. Suspected neoplasms included 1-4 each of the following: meningioma, pituitary adenoma, lipoma, carniopharyngioma, and unidentified deep mass. Congenital finding was hypoplastic splenium. Other findings included 8 with evidence of contusion/trauma/fracture, 4 craniotomy/burr hole, and 1-2 of each of the following: arachnoid cyst, cervical fusion, and Chiari malformation. Incidental vascular findings overlapped with graded findings of vascular brain injury; of the 50 incidental vascular findings, 29 were lacunar infarcts, 15 were other infarcts >3 mm, and 27 participants had white matter lesions of CHS grade ≥ 3.
Distribution of grades for white matter, ventricles, and sulci is shown in Figure 1 and represent prevalent disease with mean and mode of each measure between grades 2 (normal) and 3 (abnormal). Only 7 participants had grade 0 (no evidence of disease) in terms of white matter; all participants had grade 1 or higher in sulci and ventricles. About one third of participants had brain infarcts (lacune or other type) or white matter grade ≥ 3, whereas hemorrhages were present only in about 5% ( Table 2 ) . Volumetric evaluation of total WMH was approximately 0.5% of IC volume, with interquartile ranges between 0.2 and 0.8%. None of these findings of vascular brain injury was statistically different, comparing men with women.
However, findings of cortical atrophy had substantial prevalence and were statistically different between men and women, with men having more extreme findings for each measure. About 60% of women showed abnormal grade for ventricle enlargement or sulcal widening, whereas 75-80% of men had such findings (both Fisher's exact p < 0.001). Median volumetric estimations of hippocampus, as percentage of IC volume, were 0.6% in women and 0.5% in men; similar estimates for whole brain were 78.3% in women and 76.1% in men (both Wilcoxon rank sum p value <0.001).
Visual examination of scatter plots with local polynomial smoothed regression lines and 95% CIs of age (yaxis) in relation with cranial MRI findings (x-axes) showed positive associations between higher age and more extreme findings of graded white matter, ventricles, and sulcal widening ( Fig. 2 ) , although the most extreme grades (>grade 6) had fewer data points and therefore larger 95% CIs. Similar examinations of age in relation to volumetric estimations showed positive associations between age (x-axes) and increased WMH volume or decreased hippocampus and brain volumes (online suppl. material), although findings for hippocampus were subtle and the most extreme age range for all associations (>85 years) had few observations, resulting in larger 95% CIs than younger age ranges (<85 years).
Discussion
This is the first large cohort study examining the prevalence of cranial MRI findings among American Indians. These imaging data are comprehensive, precise, and sensitive to subclinical injury and disease [7] . Vascular brain injury is the likely explanation in this elderly population for some of the MRI findings, including brain infarcts, hemorrhages, WMH grade, and WMH volume. Although vascular brain injury may play a role in other findings, independent degenerative disease processes or other processes may underlie grades for sulcal widening and ventricle enlargement and volumes for the hippocampi and total brain combining white and gray matter. Examining the distribution of graded MRI measures indicates that WMH -a measure of vascular brain injury -is graded less extremely than either sulci or ventricles -both measures of atrophy. If abnormal is defined as a grade of 3 or more, a majority of participants would be considered normal (<3) for vascular brain injury but abnormal ( ≥ 3) for measures of atrophy. Vascular brain injury affected approximately onethird of participants, but with no observed differences between males and females. In contrast, findings of atrophy were observed for a majority of women and two-thirds of men, with clear statistical differentiation by gender. Age was correlated positively with both vascular brain injury and atrophy, suggesting a progressive or degenerative nature of these findings of brain disease.
This study is not without limitation. First, the selection was among survivors of the parent study, so survival from original recruitment (1989) (1990) (1991) to MRI recruitment (2010-2013) may be affected by clinical measures, risk factors, and comorbid conditions. If present, such selection could lead to an underestimation of the prevalence of the most extreme conditions, since the sickest participants would be the least likely to participate. Future research using these data may use inverse probability weighting to empirically evaluate the effects that selection pressure might have on statistical associations with MRI findings.
Although increased survival among women in this population may contribute to gender comparisons including relatively more healthy men, we did not detect many differences in demographic, socioeconomic, or cardiovascular risk factors between men and women. Men and women were comparable in most characteristics, with slight variations in self-reported prior stroke, kidney disease, diabetes, dyslipidemia, and Native language use. Men were also more likely to have current marital status, higher income and education, and a self-reported history of heart attack (19.5% men vs. 10.5% women). If these differences did contribute to men being healthier than women, on average, our findings that prevalence of vascular brain injury was similar in men and women and that men had more extreme cortical loss than women may be conservatively biased toward the null. In addition, our study excluded those who were unable to complete MRI, such as inability to sit still, or who had contraindicating conditions such as pacemaker or metal implants. Of the number found eligible and able to appear at the MRI examination ( n = 1,011), 13 (1.3%) had unusable scans based on motion artifact or other technical difficulties. However, these numbers of failed imaging are very small, and most did not appear different in major demographic and clinical characteristics from those with successful MRI.
Both semi-quantitative (graded) and quantitative (volumetric) approaches to evaluating MRI for abnormal findings were used because, although volumetric measures have the advantage of objective precision and accuracy, semi-quantitative scoring offers robustness against measurement error in a community hospital setting using different scanners on elderly participants prone to motion artifact [41] . Some MRI evaluations and protocols, including functional MRI or sequences such as diffusion tensor imaging, were not feasible in this setting due to the availability of resources and training in such techniques.
Local radiologists identified incidental findings, and local medical staff referred participants to specialists if deemed appropriate; the ethical issues and clinical relevance of such findings are complex [42] . An evaluation of incidental findings in a predominantly Caucasian population included 7% with infarct, 1.6% with benign tumor such as meningioma, lipoma, and pituitary adenoma; 1.1% with arachnoid cyst; among other findings [42] . In contrast, incidental findings in CDCAI included 4.5% with infarct; 1% benign neoplasm; and 0.3% arachnoid cyst, among other findings. The distributions of incidental findings on cranial MRI between these 2 very different populations appear similar, although future research may distinguish differences with more sensitive, specific statistical methods.
Detection of rare abnormalities is a challenge even when sensitive techniques such as MRI are used. The number needed to scan varies depending on the prevalence of the specific finding; any neoplasia requires an estimated 143 scans, whereas arteriovenous malformations require more than 2000 [43] . However, these estimates are based on studies that included mostly middleaged Caucasians, whereas American Indian populations are known to have a much higher burden of stroke, and perhaps also of findings from cranial MRI [1, 2, 42] . Our study, with nearly 1,000 scans, is likely to represent stable estimates of prevalence, except for very rare conditions. American Indians experience disproportionately high burden of cardiovascular disease and stroke, relative to other racial and ethnic groups [1, 2] . By providing highly sensitive contrast and spatial resolution, MRI can detect subclinical or covert vascular brain injury [3] . Findings from cranial MRI may be defined in several ways, and different MRI measures have independent associations with manifestations of cognitive impairment, loss of motor function, and depression, and with subsequent risk of stroke, dementia, and death -although some of these associations are yet to be clearly established for non-Caucasians [4, 44, 45] .
In conclusion, the CDCAI study conducted extensive MRI data collection as part of larger neurological examinations and data collection efforts among elderly American Indian participants of the SHS [7] . Future research may evaluate cognitive conditions associated with vascular brain injury and cortical or subcortical loss in this elderly American Indian population. Evidence from MRI of vascular brain injury and brain atrophy is common, and positively associated with age and gender. These descriptive evaluations of cranial MRI findings support the comprehensive understanding of stroke and related neurological conditions in this understudied population.
